a Conjugated porous polymers with narrow bandgaps are important for light harvesting in the near infrared region, but are limited by the availability of the appropriate building blocks and synthetic tools. Here we report a series of narrow bandgap conjugated porous polymers synthesized by facile direct arylation polymerization of thiophene-flanked thienothiadiazole with multibrominated monomers with different geometries. The polymer products show strong light absorption in the near infrared region, corresponding to narrow optical bandgaps below 1.3 eV. Under the same polymerization conditions, the morphologies, porosities and optoelectronic properties of the resulting polymers are determined by the chemical structures of the aryl bromides. The synthetic protocol of direct arylation polymerization and the structure-property relationship established in these narrow bandgap conjugated porous polymers will be important for rational material design towards applications such as gas separation/storage and photocatalysis.
Introduction
Conjugated porous polymers (CPPs) [1] [2] [3] [4] [5] integrated with high porosity, optoelectronic properties and chemical stability are a class of multifunctional organic materials that have attracted much attention owing to their potential applications such as gas storage, 6-8 chemosensing, 9,10 and photocatalysis. [11] [12] [13] Similar to linear conjugated polymers, the design and synthesis of CPPs follows a modular approach. 14 With careful selection of monomers and polymerization techniques, tunability over a wide range of physical and chemical properties can be achieved. 15, 16 In particular, bandgap control is crucial in polymers for energy conversion as well as other lightharvesting applications. For instance, incorporation of strong electron-accepting moieties such as benzothiadiazoles and weak electron-donating units such as benzenes and fluorenes in conjugated polymer networks not only reduced the bandgaps, but also improved the photocatalytic activity compared to pure electron-donating networks. 17 A similar donor-acceptor (D-A) strategy was used recently by Bonillo et al. to finely tune the bandgap and emission properties of polyphenylene networks by modifying the monomer ratios of different electron-accepting moieties in a Suzuki-Miyaura polymerization protocol. 18 Traditional synthesis of CPPs involving the aryl C-C bond formation has been carried out by transition-metal catalyzed reactions such as Sonogashira-Hagihara coupling, 19 Yamamoto coupling, 20 Suzuki-Miyaura coupling, 16, 21 and Stille coupling. 22 Linker-specific polycondensation reactions such as Schiff-base condensation 23 and imidization 24 reactions have also been vastly utilized in the synthesis of CPPs. Most of these reactions, nevertheless, involve multiple synthetic steps for the functionalization of comonomers. Moreover, some transition-metal catalyzed reactions such as Stille coupling result in the formation of toxic byproducts which are detrimental to the environment. Direct arylation polymerization (DAP) as an alternative to conventional polymerization reactions for the synthesis of linear π-conjugated polymers has attracted increasing attention in the last decade.
25 DAP, which involves the facile onestep coupling of aryl bromides with C-H active arenes without preactivation of C-H bonds using flammable and/or toxic organometallic reagents, has enabled the synthesis of a myriad of linear conjugated polymers with qualities (regioselectivity, molecular weights, etc.) comparable to or even better than those synthesized by conventional coupling techniques. CPPs that could be synthesized using the facile DAP scheme remains rather limited. Herein, we report the synthesis of a series of narrowbandgap conjugated porous polymers by DAP of 4,6-di(2-thienyl) thieno [3,4-c] [1, 2, 5] thiadiazole (TTD) with multi-topic aryl bromides. TTD, composed of a strong electron-accepting core of thienothiadiazole flanked by thiophene groups on both sides, is a coplanar π-conjugated narrow bandgap monomer. We speculated that the electron-deficient nature of the thienothiadiazole core could result in effective cleavage of the acidic C-H bonds in the thiophene groups. To understand the reactivity and regioselectivity of TTD, C-H direct arylation coupling between TTD and three monobrominated reagents (MBr-1-3, Scheme 1) was examined, resulting in three donoracceptor-donor (D-A-D) triads that are easier to purify and characterize than CPPs. Then three representative electronrich/neutral aryl bromides, 1,3,5-tribromobenzene, 15a,17 2,2′,7,7′-tetrabromo-9,9′-spirobifluorene 20a,31 and tris(4-bromophenyl)amine 32 were used as comonomers in DAP with TTD.
The structure-property relationships of TTD-based CPPs were studied through systematic characterization using nuclear magnetic resonance (NMR) spectroscopy, Fourier transform infrared spectroscopy (FTIR), elemental analysis, electron microscopy, porosity analysis and UV-VIS-NIR absorption spectroscopy.
Experimental
General synthesis procedure for TTD-Xs via direct arylation coupling J = 1 Hz), 0.64 (s, 8H, br). EI MS m/z (%) 1083 (M + , 100), 1060 (8), 897.97 (6), 855 (21) .
General synthesis procedure for CPP-Xs via direct arylation polymerization TTD, PBr-X (C-H : C-Br = 1 : 1), Pd 2 (dba) 3 (5 mol%), (o-MeOPh) 3 P (10 mol%), K 2 CO 3 (400 mol%) and PivOH (50 mol%) were added to a reaction vial charged with a magnetic stirring bar. o-Xylene (0.2 M) was added inside a glovebox and the vial was sealed with a rubber cap. The reaction was carried out at 120°C in an oil bath for 48 hours. After cooling to room temperature, the reaction mixture was diluted with THF and filtered under vacuum. The solids were washed with methanol, water, dilute HCl and THF and then subjected to Soxhlet extraction with methanol and THF for 24 hours, respectively. The residual solids were collected and dried at 100°C under vacuum to obtain the final product. 
Results and discussion
The synthetic routes to the TTD-based small molecular D-A-D triads and CPPs are shown in Scheme 1. These triads serve as model compounds for the respective conjugated polymer networks. A Pd(0) catalyst, Pd 2 (dba) 3 , in combination with (o-MeOPh) 3 P was used in a carboxylate-mediated direct arylation coupling to produce TTD-(1-3). 28 The reaction was carried out at 120°C for 24 hours. All triads were obtained in high yields -95% for TTD-1, 80% for TTD-2 and 83% for TTD-3. 1 H-NMR spectra of the triads (Fig. 1) show the peak from the β-proton of the TTD core at 7.30 ppm in TTD-1, 7.31 ppm in TTD-2 and 7.41 ppm in TTD-3, respectively, suggesting good regioselectivity of TTD under the present reaction conditions.
The chemical structures of the triads were further confirmed by mass spectroscopy (Fig. S1 †) . The relatively high reactivity and regioselectivity of TTD observed in these model reactions are crucial for the following DAP to obtain structurally defined CPPs.
Optical properties of TTD-based triads were studied in chlorobenzene by UV-Vis-NIR absorption spectroscopy (Fig. 2) . Absorption maxima of all triads show a significant red shift when compared to the spectrum of TTD, which is mainly attributed to the donor-acceptor interaction between TTD and its donor partner. It can be observed that the extent of the redshift is proportional to the electron-donating strength of the donor. Among the three D-A-D triads, TTD-2-TTD coupled with two triphenylamine moieties, absorbs at the longest wavelength and has the smallest optical bandgap (E opt g = 1.38 eV), 
Polymer Chemistry Paper
This journal is © The Royal Society of Chemistry 2016 whereas TTD-1 consisting of phenyl groups has the largest optical bandgap (E opt g = 1.48 eV). The decrease of the bandgap in the order of TTD-2 < TTD-3 < TTD-1 is consistent with the increasing strength of the electron donating groups (triphenylamine > fluorene > phenyl) in the triads.
TTD-based near infrared conjugated porous polymers (CPP-(1-3)) were synthesized using the same reaction conditions as for the synthesis of TTD-1-3 triads, with the exception of the reaction time and monomer ratio. The DAP 28 reaction condition used here was found efficient for the synthesis of benzodithiophene-based linear polymers and the C-H activation of a variety of thiophene-flanked acceptor molecules 29a-d including thienothiadiazole 29e for the synthesis of donor-acceptor linear polymers. A molar ratio of 1 : 1 between C-H and C-Br bonds of the monomers was maintained and all the polymerization reactions were carried out for 48 hours to ensure as complete a reaction as possible. Polymers were purified by washing thoroughly with organic (methanol, chloroform and THF) and aqueous solvents (water and diluted HCl) to remove all oligomeric products as well as any byproducts of DAP. The CPPs obtained here appear as green powders that are insoluble in common organic solvents such as THF, chloroform, toluene and chlorobenzene. Characterization of the chemical structures of CPP-(1-3) was first carried out using FTIR spectroscopy (Fig. 3) . A band at 1489 cm −1 in the FTIR spectra of TTD, which is assigned to the symmetric stretch of the aromatic CvC bond of thiophene, is clearly present in the spectra of all CPPs. The symmetric CvC stretching bands of their respective aryl bromide comonomers appear at 1583 cm CPP-2 showed the characteristic stretching bands of aromatic C-N bonds at 1320 cm −1 (Fig. 3b) . The obvious attenuation of the C-Br stretch band at 1096 cm −1 in CPP-1 suggests the highly efficient direct arylation reaction and the large extent of polymerization. In contrast to CPP-1, small peaks at 1071 and 1060 cm −1 corresponding to the C-Br stretch band were still observed in CPP-2 and CPP-3, respectively, suggesting the lower extent of polymerization in the latter two polymers than the former. 
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CPP-(1-3) were further characterized by solid state 13 C CP/ MAS NMR spectroscopy to confirm their structures. 13 C NMR spectra of all polymers with complete peak assignments are shown in Fig. 4 . A sharp peak around 156 ppm and a broad peak around 112 ppm, which are assigned to the carbons of the thienothiadiazole moiety of TTD, are observed in the spectra of all CPPs. In CPP-1, the broad peaks observed at 141.7 and 135.5 ppm could be attributed to the substituted carbons of the TTD (α-carbon) and the phenyl repeating unit, respectively (Fig. 4a) . In addition, the peaks of unsubstituted carbons (C-H) of these monomers overlap into a broad peak located at 125.8 ppm. In CPP-2, the carbon signal from the tertiary amine (C-N) group appears at 145.8 ppm and overlaps with the signals of the substituted carbons of triphenylamine and TTD units (Fig. 4b) . Unsubstituted carbons of CPP-2 are assigned to the broad peak at 128 ppm and its shoulder at 132.6 ppm. In CPP-3, the signals from the phenyl rings of spirobifluorene appear as broad peaks between 150 and 124 ppm, as shown in Fig. 4c . The sharp peak at 66.5 ppm is assigned to the quaternary carbon of spirobifluorene. The 13 C-NMR results discussed above, which are complementary to the FTIR results, further prove the chemical structures of the target CPP-1-3 obtained under the present direct arylation scheme. Elemental analysis of CPPs showed some inconsistency between the theoretical (neglecting the contribution of bromide end groups) and experimental values, which is typical of highly conjugated organic networks.
30b A better match between the theoretical and experimental mass percentages was observed in CPP-1 compared to CPP-2 and CPP-3. These results are consistent with the FTIR spectra of CPP-2 and CPP-3 ( Fig. 3b and c) where the appearance of a weak C-Br band indicates their lower extent of polymerization. Powder X-ray diffraction (XRD) patterns of all CPPs exhibit broad peaks in the range 2θ = 5-60°, indicating the amorphous nature of these polymers (Fig. S3 †) . Thermogravimetric analysis shows that all CPPs (Fig. S4 †) are stable up to 300°C under a nitrogen atmosphere, a characteristic of the good thermal stability of such covalent polymer networks.
Morphologies of CPP-(1-3) were studied by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). From the SEM image of CPP-1 (Fig. 5) , dense networks of thin fibres can be observed most likely due to aggregation of the individual strands. The thickness of the fibres estimated from the SEM images is ∼30 nm (Fig. S8a †) .
Both CPP-2 and CPP-3 appear as microspheres with different sizes as seen from their SEM images (Fig. 5b and c) . The particles of CPP-3 are approximately twice as large as those of CPP-2. Moreover, the micro-spheres of CPP-2 have a smooth surface, in contrast to the granular and relatively rough surface of CPP-3 (Fig. S5c †) . While the high-resolution TEM images (Fig. 5d-f ) clearly show the microporous structures of CPP-2 ( Fig. 5e ) and CPP-3 ( Fig. 5f ), the microporous nature is not obvious in CPP-1 (Fig. 5d) , presumably due to its smaller pore sizes and tighter π-π stacking caused by the relatively small and flat phenyl repeating unit in CPP-1.
Porosities of CPP-1, CPP-2 and CPP-3 were studied in physisorption experiments using nitrogen as the sorbate molecule. Sorption isotherms of CPPs measured at 77 K are shown in Fig. 6 . All polymers show a combination of Type II and Type IV sorption isotherms according to IUPAC classification. The uptake of N 2 at relatively low pressures p/p o < 0.1 is much lower compared to previously reported porous organic polymers, 1, 6, 14 suggesting the relatively low microporosity in these polymers. In contrast, a sharp increase of N 2 -uptake was observed at p/p o = 0.9-1, an indication of the presence of dominating meso-and macropores from the inter-particular voids in these polymers. A small degree of hysteresis was observed in the isotherms of CPP-1 in the relatively high pressure range (0.5 < p/p o < 0.99). This can be explained by the presence of pores with narrow openings that restrict the access of nitrogen molecules. Alternatively, this could also be attributed to the swelling of the polymer framework due to the dissolution of the adsorbate into the non-porous sections of polymer during the adsorption cycle.
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Key porosity properties of CPPs are listed in Table 1 Pore size distribution (PSD) profiles of CPPs were calculated using the NL-DFT method (Fig. S7 †) . All CPPs have a broad PSD ranging from 14 Å to well beyond 200 Å. The structureporosity relationship that we observed here in CPP-1-3 is similar to that in previously reported conjugated microporous polymers (CMPs). 15, 19, 34 For instance, the lower surface area of CPP-2 as compared to CPP-1, which is consistent with the morphologies of these polymers as shown in the SEM images (Fig. 5) , may be attributed to the larger size of the triphenylamine moiety. Cooper and co-workers also reported that increasing the size of monomers in an A2 + B3 synthetic model led to polymers with lower surface areas. 15a Optical properties of CPPs in chlorobenzene dispersions were studied by UV-Vis-NIR spectroscopy (Fig. 7) . Compared to the absorption spectra of the D-A-D triads, all the three polymers (CPP- (1-3) ) show a broad absorption across the visible and the near infrared regions. Despite some light scattering effect of the polymer dispersions which made it difficult to estimate the wavelength of the onset absorption, the bandedge absorption peaks of CPP-1-3 at 772, 840 and 727 nm, respectively, remain well-resolved. The optical bandgaps of CPP-1-3 follow the trend of CPP-2 < CPP-1 ≈ CPP-3 (Table S1 †). CPP-2 absorbs at the longest wavelength in the NIR region and has the smallest bandgap, largely attributed to the strong donor-acceptor interactions between triphenylamine and TTD. The slightly larger bandgap of CPP-3 vs. CPP-1 could be attributed to its lowest extent of polymerization as reflected from the FTIR spectrum ( Fig. 3 and S2 †) .
Electrochemical properties of CPPs vs. TTD-based triads were evaluated by cyclic voltammetry (CV). While all triads showed reversible oxidation and quasi-reversible reduction peaks (Fig. S8 †) , irreversible oxidation and reduction peaks were observed in all the three CPPs (Fig. 8 ). Oxidation and reduction potentials of CPPs provide further insight into their electronic structures. Oxidation potential (E ox ) of CPP-3 at 0.74 V was the highest among the three CPPs, followed by CPP-1 (E onset ox = 0.68 eV) and CPP-2 (E onset ox = 0.65 eV). The HOMO levels of CPP-1-3 estimated from the CV results are −5.48, −5.45 and −5.54 eV, respectively. A similar trend was observed for the reduction potential as well, resulting in the LUMO levels which are −4.07, −4.11 and −4.03 eV for CPP-1-3, respectively. These results imply that the extended conjugation of TTD with an electron-donor led to a cathodic shift of the oxidation potentials and therefore an increase of their HOMO energy levels. The extent of the shift is proportional to the strength of the donor. As a consequence, the push-pull effect a Specific surface area calculated from the adsorption branch of the N 2 isotherm using the BET method. b Specific surface area calculated using the NL-DFT method for slit pores with the equilibrium model. c Micro-pore volume calculated from the adsorption branch of the N 2 isotherm using the t-plot method.
between TTD and donor moieties results in a systematic narrowing of the HOMO-LUMO gaps of CPPs such that the electrochemical bandgaps follow the order of CPP-2 < CPP-1 < CPP-3 ( Table 2 ). The larger bandgap and the lower HOMO energy level of CPP-3 compared to CPP-1 can be explained by the lower degree of polymerization in the former. These results are consistent with the optical bandgaps of these CPP polymers.
While TTD-based linear narrow-bandgap polymers have shown potential applications for organic NIR photodetectors and field effect transistors, 35 we expect that the 2D/3D TTDconjugated porous networks described above would find applications such as photocatalysis to harvest light in the NIR region. Moreover, incorporation of strong acceptor molecules in polymer networks of π-conjugated porous polymers has been demonstrated as an efficient strategy for improving their performance as heterogeneous photocatalysts. 17, 36 TTD-based polymers with weak electron donors may prevent the fast recombination of excitons favouring the formation of a triplet state. Studies to investigate the potential of these TTD-based CPPs as heterogeneous photocatalysts are underway and will be the subject of a future publication.
Conclusions
In summary, three narrow bandgap conjugated porous polymers (CPPs) have been synthesized by direct arylation polymerization of thiophene-flanked thienothiadiazole (TTD) -a low bandgap electron-accepting building block -with polytropic aryl bromides of various geometries. Direct arylation coupling between TTD and a series of mono-brominated aryls resulted in small molecular D-A-D triads in high yields, suggesting the relatively high reactivity and regioselectivity of TTD. Under the same polymerization conditions, the morphologies and porosities of the CPPs were determined by the structure of the aryl monomers. Specifically, DAP coupling between TTD and 1,3,5-tribomobenzene resulted in fibrillar networks that showed significantly higher porosity than the other two CPPs with 2,2′,7,7′-tetrabromo-9,9′-spirobifluorene and tris(4-bromophenyl)amine as comonomers, respectively. The bandgaps of the CPPs were determined by the D-A intramolecular charge transfer. Among the three CPPs, CPP-2 composed of TTD and triphenylamine as repeating units showed the narrowest bandgap below 1.3 eV due to the largest extent of D-A charge transfer. These experimental results demonstrate that a rational selection of monomers enables the synthesis of a series of narrow bandgap conjugated porous polymers with tunable porosities, morphologies and optoelectronic properties. c Optical bandgaps of CPP-1 and CPP-3 were determined by a rough estimation of the onset wavelengths. Onset of CPP-2 is too steep for determination of an onset wavelength.
